to membrane fragments generated an extra-reduction of the cytochrome pool (c-and b-type hemes); 7 further, in plasma membranes exposed to tellurite (0.25-2.5 mM) and subjected to a series of flashes 8 of light, the rate of the QH 2 :cyt c oxidoreductase activity was enhanced. The effect of tellurite was 9 blocked by the antibiotics antimycin A and/or myxothiazol, specific inhibitors of the QH 2 :cyt c 10 oxidoreductase, and, most interestingly, the membrane-associated thiol:disulfide oxidoreductase 11
), and organic -dimethyl telluride (CH 3 TeCH 3 ) -forms (8) . 4
Of these, the toxic oxyanion forms, TeO 3 2-and TeO 4 2-, are more common and highly soluble as 5 compared to non-toxic elemental tellurium, Te 0 (38). Tellurium is widely used in the electronic 6 industry of photoreceptors, thermocouples and batteries but also in metallurgical processes as well 7
as an additive to industrial glasses (8) . As a result, microorganisms are now becoming exposed to 8 abnormal concentrations of this element and bacterial species resistant to tellurium can easily be 9 isolated from industrial sludge (38). However, research into anthropogenic emissions of Te-based 10 compounds is scarce and the implications on selection of microorganisms resistant to tellurite 11 Tellurite is more toxic to mammalian cells (48) and micro-organisms (38) than several 13 heavy metals, e.g. mercury, cadmium, zinc, chromium and cobalt, which are the object of major 14 public health concern (38). Depending on the strain, the concentration of tellurite inhibiting 15 microbial growth, ranges from 1 to 1000 µgr/ml (38, 51-53). Microorganisms counteract tellurite 16 (TeO 3 2-) toxicity in several ways, namely: a) decreasing its uptake, b) enhancing its efflux, or c) 17 chemically modifying it through methylation or reduction to less toxic elemental tellurium (Te 0 ) (8) . 18 membrane vesicles in terms of proton-coupling since in the presence of uncouplers, e.g. 23 valinomycin and nigericin, the caroteonid band-shift drops dramatically due to the immediate (a few 24
10
-3 s) collapse of the membrane potential (10) . In membranes of R. capsulatus MT1131 treated 25 type cytochromes results from a re-equilibrium of reducing equivalents along the Q-bc 1 -cyt c 18 segment of the redox chain and to exclude it is not a specific phenomenon of photosynthetically 19 grown cells, we tested the effect of tellurite on membranes from aerobically dark-grown cells (see 20 Fig. 3 ). As previously shown, the respiratory chain of R. capsulatus is branched at the Q/bc 1 level 21 channeling reducing equivalents to a cytochrome c oxidase (Cox) inhibited by 50 µM cyanide and 22 to a quinol oxidase of bb 3 -type (Qox) inhibited by 2-3 mM concentrations of cyanide (44). To 23 restrict the re-arrangement of reducing equivalents inside the Q/cyt bc 1 /cyt c segment of the redoxfollowing NADH (100 µM) addition to membranes previously oxidized by addition of a few 1 crystals of potassium ferrycianide (dotted line). Due to the high rate of NADH consumption by 2 aerobic membranes, a significant steady-state reduction-level of c-type cytochromes is reached 3 within a few seconds (8.7 sec, recording time) after the substrate addition (trace a, 38 ± 3% 4 reduction at 550 nm, 11 ± 2% at 560 nm). Upon consumption of NADH, the oxidation-reduction 5 level at 550 nm drops from 38 ± 3% to 12 ± 1% (trace b) and this reduction level does not change in 6 the presence of 50 µM cyanide (trace c), which confirms the complete exhaustion of NADH. At this 7 stage, in the absence of NADH, addition of tellurite (2.5 mM) (trace d) induces a significant (30 ± 8 2%) and rapid cyt c reduction which reflects the shift of reducing equivalents, accumulated as 9 ubiquinol (UQH 2 ) pool, toward the upper part of the redox chain. Notably, the spectrum recorded 10 after 2 min the addition of tellurite (trace e) shows a reduction of 80 ± 3% of the signal at 550 nm 11 (cyt c) and 28 ± 2% of the signal at 560 nm (cyt b) as compared to the control trace obtained in the 12 presence of sodium dithionite (100% reduction, trace f, dashed line). 13
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The QH 2 -pool delivers reducing equivalents to the cytochrome c pool (c y + c 2 ) 15
The mechanism of tellurite-induced cytochrome c reduction was further dissected by using 16 membranes from FJ1 and MT-G4/S4, two mutant strains deficient in either cyt c y or cyt c 2 , 17 respectively. As shown in Fig. 4 , the c-type heme extra reduction is seen in both membranes from 18 MT-G4/S4 (panel A) and FJ1 (panel B) mutants, upon addition of 2.5 mM tellurite. Although this 19 phenomenon was less pronounced in membranes of MT-G4/S4 (cyt c 2 minus, 12-13% extra 20 reduction) than those from FJ1 (cyt c y minus, 18% extra reduction), it can be concluded that both c y 21
and c 2 hemes contribute to the cyt c extra reduction seen in R. capsulatus MT1131 (w.t.) 22 membranes (Fig. 2, 28% extra reduction) . Further, the increase of the c-type reduction induced by 23 tellurite in MTG4/S4 membranes is clearly inhibited by antimycin A (symbols ∇, /Q and Q/QH 2 span from -150 to +90 mV (10) . In E. coli the membrane-bound 8 thiol:disulfide oxidoreductase DsbB, which delivers oxidizing equivalents through DsbA to 9 periplasmic and secreted proteins, becomes reoxidized by reducing quinones that are part of the 10 membrane-bound electron-transfer chains (18). To test whether or not tellurite might affect the 11 redox equilibrium of the respiratory chain components by using DsbB as an "electron conduit" 12 between the periplasm and the lipid-embedded Q-pool, the same set of experiments reported in Fig.  13 2 was performed in membranes from R. capsulatus MD22, a DsbB minus mutant (16). increased by tellurite addition (data not shown). However, since the lack of a tellurite effect in 20 membranes from MD22 cells might also result from a mutated respiratory-phenotype, the 21 respiratory activities of membranes from MD22 and MT1131 were compared. As detailed in Table  22 2, all the respiratory activities tested in the presence or absence of specific inhibitors (antimycin A, 23 myxothiazol and cyanide) are similar in both types of membranes reflecting also a similar 24 cytochrome content [± 22 which is considerably higher (1.9-2.1 times) than that present in MD22 and MT1131 membranes. The facultative phototrophic bacterium Rhodobacter capsulatus is tolerant to tellurite (3) 5 and it has been shown to accumulate intracellular crystals of elemental tellurium (Te 0 ) (4). The 6 mechanism of cytoplasmic Te 0 accumulation involves initially a ∆pH-dependent uptake of tellurite 7 (5); the subsequent reduction/precipitation of Te 0 made by undefined thiols as reducing agents (40) 8 generates toxic reactive oxygen species (ROS) as we have shown that Te IV increases the activity of 9 the superoxide dismutase (SOD) (6). Thus, while the cytosolic pro-oxidant action of this toxic 10 metalloid (40) is beginning to be understood, the mechanism behind the effect of tellurite in the 11 periplasmic space is mostly unexplored (40). 12
Here we show that tellurite added to isolated membrane-fragments accelerate the rate of that the interaction of tellurite with membranes is specifically mediated by membrane-associated 24 redox proteins and that this interaction causes a shift of reducing equivalents from the QH 2 -pool 25 level to the bc 1 /c 2 -c y segment of the redox chain. Indeed, tellurite does not alter the redox 26 equilibrium of the redox chain under fully oxidized conditions and its effect is evident only in a 1 situation of redox disequilibrium, i.e. when the Q-pool has partially been reduced by NADH or 2 light-dependent electron flow (as demonstrated here). The Q-cycle mechanism (7, 10, 12, 33 ) 3 (schematically drawn in Fig. 7A ) provides a suitable model explaining how QH 2 oxidation at the Qo 4 site of the bc 1 complex generates a concerted two-steps reaction driving both reduction of b L -type 5 heme and of the Rieske-type iron-sulfur center (FeS). One thermodynamic problem of the Q-cycle 6 is that the reduction of Q to Q .-, and then to QH2, is not favored (10) so that accumulation of QH 2 7 would restrict the overall Q-cycle turnover. This major flow explains why the maximal activity of 8 the photocyclic electron flow of several facultative phototrophs depends on the presence of a quinol 9 oxidase (Qox) containing pathway which keeps the QH 2 -pool largely oxidized (43). As shown by 10 others (23), the reduction of Q to Q .-is paralleled by reduction of cyt c 1 (see Fig. 7A ); thus, the 11 oxidation of Q .-or QH 2 induced by TeO 3 2-is expected to generate a Q/QH 2 ratio that is optimal for 12 maximal cyt c reduction under respiratory or photosynthetic conditions (see working model in Fig.  13 7B as based on the results presented here). This conclusion is also fully justified by the antimycin A 14 inhibition of the process (see in which the DsbB protein is over-expressed (see Table 2 , this work), catalyze a significant tellurite 2 reduction as indicated by darkening at 540 nm (0.7 ∆A min -1 per mg of prot -1 ). This finding 3
suggests that DsbB might function as the catalytic part of a QH 2 :TeO 3 2-oxidoreductase event under 4 suitable redox conditions. Indeed, although no dissimilatory electron transport to tellurite is known 5 to date (52), the energetic of the TeO An aspect which is presently poorly understood concerns the role of the thiol:disulfide 25 oxidoreductases DsbA and/or DsbB, in both cyt c biogenesis and tolerance to tellurite of R. 26 capsulatus as the amount of c-type hemes drastically drops in membranes from cells grown in the 1 presence of tellurite (4) and that DsbB can be a redox partner of tellurite (this work). It has been 2 shown that R. capsulatus mutants lacking either DsbA or DsbB are fully proficient in anaerobic 3 photosynthetic growth and able to produce similar amounts of c-type cytochromes (16). Conversely, 4 the DsbB deficient mutant MD22 is proficient in respiratory metabolism in both enriched-and 5 minimal-growth media while the DsbA mutant MD20 is impaired in respiration only in enriched 6 growth medium (16). This would suggest that the lack of the periplasmic thiol:disulfide 7 oxidoreductase DsbA has a stronger effect on the respiratory metabolism of R. capsulatus than the 8 lack of the plasma-membrane bound DsbB (see also In panels A and B, K-cyanide (0.5 mM) and K-ascorbate (1.0 mM) were added prior the 14 measurements to maintain the c-type hemes in a reduced state before the light-activation. 15 
